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The refinement of handaxes, defined as increasing planview symmetry and profile thinness, has 
been used to distinguish Early and Late Acheulian assemblages. However, recent studies have 
found that this is not a ubiquitous trend throughout the Acheulian. Yet research suggests that 
Late Acheulian handaxes differ from earlier forms in the complexity and extent of thinning 
procedures. To test the discriminatory power of thinning in distinguishing Early and Late 
Acheulian handaxes, cross-sectional shapes are compared through geometric morphometric 
techniques. Results suggest that analysing cross-sectional outlines can identify variance relating 
to reduction processes, which differentiate handaxes from Early and Late Acheulian 








The morphology of handaxes has been a critical subject of debate in Early Stone Age 
archaeology (Stout 2011; Hodgson 2015; McNabb and Cole 2015; Shipton 2016; Shipton et al. 
2019; García-Medrano et al. 2020). The consistency of handaxe forms found throughout Africa, 
Asia and Europe has highlighted specific ‘rule-sets’ underlying their manufacture, which has 
provided insight into the intentionality and technical skill of Acheulian toolmakers (Bordes 
1961; Roe 1968; Crompton and Gowlett 1993; Gowlett 2006; Stout 2011; García-Medrano et al. 
2014; Kuman et al. 2014; Shipton 2016). Moreover, handaxe shape has been used as a 
typological marker to distinguish Early (1.7 Ma - ~600 ka) from Late (≤600 ka) periods of the 
Acheulian industry (Wynn and Teirson 1990; Asfaw et al. 1991; Klein 2000; Goren-Inbar and 
Sharon 2006; Kuman 2007; Stout 2011; Stout et al. 2014; Hodgson 2015). This is based in part 
on a longstanding hypothesis that handaxes generally become more ‘refined’ through time, i.e. 
increase in bilateral symmetry and thinness (Roe 1964; Graham and Roe 1970). This concept 
carries connotations of an ‘evolutionary leap’ in motor-cognitive capacities during the Late 
Acheulian, which correlates with the appearance of archaic Homo sapiens (Wynn 1979; Wynn 
and Teirson 1990; Stout et al. 2009; Stout 2011; Stout et al. 2014). In general, the Late 
Acheulian period is characterized by an increase in levallois core reduction, blades and points, 
and thus the refinement of handaxes seemingly corroborates a trend in increasing toolkit 
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complexity towards the end of the Early Stone Age (McBrearty and Tryon 2006; Wilkins et al. 
2010; Shimelmitz et al. 2011; Sharon et al. 2011; Wilkins and Chazan 2012; Stout et al. 2014).  
 
 
However, focused investigations testing the correlation between handaxe refinement and time  
have yielded mixed results, suggesting that increasing standardization of handaxes (i.e. 
increased planview symmetry and thin profiles) is not a ubiquitous trend characterizing the 
Acheulian (see McNabb and Cole 2015). Yet Late Acheulian handaxes do show signs of advance 
flaking mechanics that suggest differences in production processes when compared to earlier 
forms (Callahan 1979; Edwards 2001; Winton 2005; Shipton et al. 2013; Stout et al. 2014; 
Shipton 2016; Shipton 2018; García-Medrano et al. 2019). Thinning procedures have been 
highlighted in recent studies examining Late Acheulian handaxes, which is regarded as one of 
the most technically challenging stages of their manufacture (Newcomer 1971; Callahan 1979; 
Shelley 1990; Winton 2005; Apel 2008; Stout et al. 2014; Shipton 2018). The detachment of 
thinning flakes in the Late Acheulian involves a complex set of tasks such as altering the plane 
of bifacial intersection, preparing and isolating flaking platforms and controlling the placement 
and force of percussive strikes (Callahan 1979; Shipton et al. 2013; Stout et al. 2014; Shipton 
2016; Shipton 2018; García-Medrano et al. 2019; Pargeter et al. 2019; Pargeter et al. 2020). 
Thus, thinning was achieved through a set of hierarchically structured actions and sub-goals 
that reflect levels of complexity rarely recorded in the Early Acheulian toolmaking (Callahan 





While thinning processes potentially distinguish Late Acheulian handaxes from earlier forms, 
studies investigating their effect on morphological variation are rare (see García-Medrano et al. 
2019). The analysis of handaxe shape has been predominantly focused on issues of symmetry 
and shape variation, the latter referring to differences in handaxe forms (i.e. pointed vs. ovate) 
(Iovita and McPherron 2011; Shipton and Clarkson 2015; Shipton et al. 2019). However, relating 
these factors tospecific manufacturing procedures remains challenging. For example, studies 
focused on how planview symmetry and shape variability of handaxes are affected by reduction 
intensity have found no correlation between these factors (Shipton and Clarkson 2015; Shipton 
et al. 2019; García-Medrano et al. 2019). This suggests the intensity of shaping processes alone 
have little effect on producing symmetrical handaxes or differences in plan forms, which 
instead results from the knapper’s intentions in the placement of flake detachments. Other 
studies have found that some handaxe shapes are highly correlated to the effects of 
resharpening, although in this instance variability results from the alteration of handaxes after 




The profile view offers a better advantage in comparing thinning processes, which has shown 
varying degrees of success in differentiating handaxe assemblages (Iovita and McPherron 2011; 
Li et al. 2015; Li et al. 2016; Li et al. 2018; García-Medrano et al. 2019). However, this 
perspective focuses on gross morphology with little insight into how thinning might 
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differentially affect tips, midsections and bases of handaxes. Although shifting perspectives in 
how handaxe shapes are compared may offer potential solutions. Cross-sectional shape has 
been used in replicative studies to examine the success of thinning procedures, including those 
resulting from failed attempts (Callahan 1979; Shelley 1990). Moreover, differences in cross-
sectional shape related to thinning have also been correlated to degrees of knapping skill 
(Shelley 1990). As such, developing methods to compare cross-sectional shapes as a means of 
examining successful thinning may provide perspective on differentiating Early and Late 
Acheulian handaxe morphologies, which correlates to degrees of thinning processes. 
 
 
To operationalize this, a pilot study implementing geometric morphometric (GM) methods is 
described below, which focuses on comparing two-dimensional, cross-sectional outlines of 
Acheulian handaxes. Samples were selected from four Early and Late Acheulian sites in South 
Africa as recent research comparing handaxe morphologies in this region have reported no 
significant differences in planview or profile variation (Li et al. 2018; Caruana and Herries 2020). 
As such, distinguishing these assemblages through cross-sectional shape variance provides 
insight into the discriminatory power of the methods outlined here.  
 
 
Cross sections from handaxe tips, midsections and bases (1/4, 1/2, and 3/4 of maximal length, 
respectively) were captured from digital thin-sectioning and then plotted with semilandmarks. 
Procrustes superimposition was used to scale and rotate cross-sectional outlines, and variation 
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in their morphology was assessed through principal component analyses. Deformation grids 
were also produced to visualize shape variance along principal axes. Experimental research was 
then referenced to identify cross-sectional shapes that demonstrated successful thinning, flaws 
that hinder thinning or those that largely lack thinning altogether. Lastly, principal component 
scores were used in a canonical variate analysis to examine the strength cross-sectional shape 
variation to discriminate Early from Late Acheulian handaxes. The results of this study provide 
insight into the use of cross-sectional perspectives in distinguishing handaxes across time and 
space, as well as potential correlations with the evolution of complex biomechanical and 






Examining shape variance, both in terms of symmetry and plan form in Acheulian handaxes has 
provided important insights into the evolution of technological skill and cognition of Early and 
Middle Pleistocene hominins (Wynn 1979; Crompton and Gowlett 1993; McPherron 2000; 
Gowlett 2006; Iovita and McPherron 2011; Stout 2011; Stout et al. 2014; García-Medrano et al. 
2014; Shipton 2016; Muller et al. 2017; Shipton 2018; Wynn and Gowlett 2018; García-Medrano 
et al. 2019). The focal lens of this research has mostly centered on planview and profile 
perspectives to highlight trends in shape change between Acheulian assemblages. Planview 
symmetry has been a specific point of contention in this research due to a longstanding 
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hypothesis that Acheulian handaxes become more refined through time (Wynn 1979; Wynn 
and Teirson 1990; McPherron 2000; Stout et al. 2009; Stout 2011; Hodgson 2015; McNabb and 
Cole 2015; Li et al. 2016; Shipton et al. 2019). In fact, archaeological assessments of Acheulian 
assemblages have used the morphology of handaxes as chronological markers, where the 
presence of refined forms suggest affiliation with the Late Acheulian period (Wynn 1979; Klein 
2000; Goren-Inbar and Sharon 2006; Kuman 2007; Stout et al. 2009; Stout 2011; Stout et al. 
2014; Hodgson 2015). Yet recent investigations have concluded that not all regions of the world 
where Acheulian handaxes are found adhere to such trends (McNabb and Cole 2015; Li et al. 
2018; Caruana and Herries 2020). This is specifically true for planview symmetry, where studies 
have demonstrated an increase in variability relating to planview outlines in Late Acheulian 
assemblages when compared to older assemblages (Saragusti et al. 2005; McNabb and Cole 




For example, Saragusti et al. (2005) compared handaxes from Western Asia, including samples 
from Ubeidiya (1.4 Ma), Gesher Benot Ya'aqov (≥0.78 Ma), Ma'ayan Barukh (~>700 ka 
[undated]) and Tabun Cave Bed 90 and Layer E (~0.35 Ma) using tangent curves to plot 
planview outlines and determine the nearest axes of symmetry. The two halves of the planview 
outline were then statistically compared in terms of their degree of mirroring, which showed 
mixed results. The Ubeidiya, Gesher Benot Ya'aqov, and Ma'ayan Barukh samples showed 
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trends towards increasing symmetry as predicted, although the Tabun sample displayed a 
marked increase in asymmetry.  
 
 
Further, Li et al. (2018) compared handaxes from Rietputs 15 (~1.3 Ma) and Cave of Hearths 
(≤780 ka) as representative samples of Early and Late Acheulian samples from South Africa, 
respectively. They segmented 3D scans and compared the volumes of halves to examine 
symmetry, which showed no significant differences between assemblages. In fact, the Cave of 
Hearths handaxes showed more variance in shape than the Rietputs 15 sample, confirming 
similar results to those found by Saragusti et al. (2005). Li et al. (2016) further compared 
handaxes from two river terraces in the Danjiangkou Reservoir (central China) in terms of 
symmetry also through digital segmentation. Excavated and surface samples from Terrace 3 
(~615 – 221 ka) and Terrace 2 (100 – 50 ka) were analysed, which found that the Late 
Pleistocene handaxes from Terrace 2 were less symmetrical in both planview and profile 
perspectives. This research suggests that the refinement of planview shape over time is possibly 
a regional trend rather than a maxim of the Acheulian industry.  
 
 
Iovita and McPherron (2011) examined handaxes from Mousterian sites, referred to as the 
‘Mousterian of Acheulian Tradition’ (MTA), to assess shape variability compared with the Late 
Acheulian site of Boxgrove (~500 ka). They tested hypotheses suggesting that the MTA 
handaxes were more standardized in overall shape when compared to Acheulian forms through 
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both traditional morphometrics, multivariate allometry and Elliptical Fourier analyses of 
planview and profile outlines. Their results suggest that the shape of MTA handaxes were 
intentionally maintained throughout the reduction processes, whereas the tip length of 
Acheulian handaxes showed distinct allometric patterns relative to their overall length. This 
suggests that the tips of Acheulian handaxes were subject to continuous reduction and thus 
their pointed forms that were not necessarily intentional designs.  
 
 
However, testing the influence of reduction intensity on planview symmetry and form has cast 
doubt on the notion that handaxe shape is derived simply from continuous flaking (Shipton and 
Clarkson 2015; Shipton et al. 2019; García-Medrano et al. 2019). Shipton and Clarkson’s (2015) 
use of the scar density index (SDI) as a quantitative measurement of reduction intensity found 
no correlation to the overall shape of handaxes throughout reduction processes. Further 
comparing this metric to symmetry measurements from a wider variety of Acheulian 
assemblages from England, East Africa, and India, Shipton et al. (2019) confirm this result, 
suggesting that reduction intensity and shape variability are independent variables. In assessing 
reduction sequences of handaxes from Boxgrove, García-Medrano et al. (2019) suggested that 
the final shape of handaxes was most affected by the final thinning phases, albeit SDI scores 
and variation of final handaxe shape were not correlated. As such, morphological variance 
within Acheulian handaxes derives from technical sequences of knapping that can differ 
between assemblages, which complicates the use of handaxe shapes as a chronological marker. 
Yet archaeologists agree that the extent of thinning potentially distinguishes Late Acheulian 
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handaxes from earlier forms, suggesting potential avenues for discriminating handaxe shape 
across time and space (Stout et al. 2014; Shipton 2018). 
 
 
The complexity of thinning in Late Acheulian handaxes 
  
 
Recent studies of Late Acheulian assemblages have noted the complexity of thinning processes 
(Stout et al. 2009; Shipton et al. 2009; Shipton et al. 2013; Stout et al. 2014; Shipton 2016; 
Muller et al. 2017; Shipton 2018; García-Medrano et al. 2019). The goal of thinning is to detach 
flakes that penetrate the midsection of these tools in an effort to reduce unwanted bulk and 
alter edge angles, which impact their functionality and portability (Callahan 1979; Gowlett 
2006; Stout et al. 2014; Shipton 2018). 
 
 
The success of thinning Late Acheulian handaxes was contingent upon a complex set of sub-
goals and hierarchical actions (Stout et al. 2009; Shipton 2016; Pargeter et al. 2019; Pargeter et 
al. 2020). This involved significant alteration of bifacial edges, where abrasion techniques were 
used to isolate flake platforms and change the plane of intersection to determine the path of 
percussive force. Controlled placement of percussive strikes would then release flakes that 
successfully thinned the midsection of handaxes. Archaeological investigations of Late 
Acheulian assemblages have confirmed that handaxes from this period demonstrate such 
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procedures in thinning processes (Stout et al. 2009; Shipton et al. 2013; Stout et al. 2014; 
Shipton 2016; Shipton 2018; García-Medrano et al. 2019). This indicates that Middle 
Pleistocene toolmakers were able to hierarchically organize a complex set of knapping actions, 
as well as conceptualize bifacial surfaces as preferential and subordinate to accomplish thinning 
goals.    
 
 
Furthermore, experimental replication has provided invaluable insight into these technical 
sequences (Newcomer 1971; Callahan 1979; Shelley 1990; Edwards 2001; Winton 2005; Apel 
2008; Muller et al. 2017; Pargeter et al. 2020). This research has further demonstrated that 
thinning processes are one of the most challenging aspects of handaxe production. Numerous 
experiments have shown that thinning stages are prone to knapping accidents, where step and 
hinge fracturing of bifacial surfaces occur most often within the production stages (Callahan 
1979; Shelley 1990; Edwards 2001; Winton 2005; Apel 2008). Also, the maintenance of cross-
sectional shape is critical to the continued success of thinning, where triangular and rhomboidal 
geometries can hinder this process.  
 
 
Callahan’s (1979: 35) authoritative account of shaping fluted points provided important detail 
on such matters, which emphasized the importance of thinning as a distinguishing factor 
between “Abbevillian-like” (i.e. Early Acheulian) and “Acheulian-like” (i.e. Late Acheulian) 
handaxes. Interestingly, he assessed the success of thinning procedures through cross-sectional 
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outline shapes and identified those that were problematic for continued reduction. In 
discussing ‘platform preparation variables’, he noted shapes of cross sections that potentially 
hinder thinning relating to the curvature of bifacial surfaces, bevel angles and the extent of 
platform isolation amongst other variables (Callahan 1979: 34 [see Table 11]). Further to this 
point, Shelley (1990: 189) also noted significant differences in cross-sectional shape of handaxe 
reduction in comparing novice versus expert knappers, such that the former tended to produce 
“triangular” shapes that impeded thinning. This provides possible insight into the use of cross-
sectional shape variation to investigate changes in the motor-cognitive capacities of toolmakers 
through time, albeit this hypothesis requires focused investigation to substantiate such claims. 
Nonetheless, the use of cross-sectional shape may provide new perspectives in tracing 






To gain insight into the use of cross-sectional shapes for discriminating Early and Late Acheulian 
handaxes, a pilot study involving geometric morphometric methods is presented below. 
However, predictions of expected patterns are first outlined to provide some guidelines for 
interpretations. Figure 1 displays cross-sectional shapes redrawn from Callahan (1979), also 
based on insights from Shelley (1990), which highlight outlines that are both preferable for 
thinning and those that potentially hinder this process. Callahan’s (1979) account of learning to 
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knap bifacial tools draws attention to the importance of maintaining cross-sectional shapes 
throughout the thinning process. He discussed how bifacial edge shapes in cross section either 
aid or impede thinning, stating that overly convex or concave surfaces can inhibit flakes from 
penetrating the midsection of tools. Callahan (1979: 34) identified overly convex surfaces as 
“humps” along bifacial edges that increase edge angles and confound flake detachments, 
whereas overly concave surfaces are similar to overhanging platform edges (see Table 11 in 
Callahan [1979]). These surface types can also result in the development of step and hinge 
fractures that hinder continued shaping. Further, Shelley (1990) found that novice knappers ran 
into significant problems in thinning due to their tendency to produce cross-sectional shapes 
that hinder the trajectory of flake detachments due to inappropriate platform angles.  
 
 
These descriptions of cross-sectional shapes provide a means of testing the hypothesis that 
Late Acheulian handaxes should demonstrate outlines that are closer to those that Callahan 
(1979) identified as ideal for successful thinning. Such shapes are elongated, ovular forms that 
display edge angles approximately ≤60 degrees (Fig. 1A). It is predicted that Early Acheulian 
assemblage should display more variation towards cross-sectional shapes that are problematic 
for thinning (Fig. 1B-D). This might result from a lack of thinning in handaxe shaping, differences 





Geometric morphometric methods highlight shape variation and it is also predicted that 
deformation grids produced from principal component analyses of cross-sectional shapes will 
capture variation related to thinning success and mishaps. Given that thinning is a critical 
aspect of handaxe reduction processes, it is further expected that shape variance in handaxe 
cross sections will be significantly correlated with reduction intensity, explored through SDI 
measurements. However, the strength of correlations potentially differs according to the 
amount of reduction observed throughout tool portions, where handaxe tips might be more 
reduced than midsections or bases.               





The sample selected for testing include Acheulian handaxes from South African sites, including 
Rietputs 15 (N= 25) and Sterkfontein Member 5 West (N= 8) (Early Acheulian), as well as Cave 
of Hearths (N= 25) and Amanzi Springs (N=25) (Late Acheulian). Summary tables of metric data 
and edge angle measurements for the samples is provided in the SOM for reference. These 
assemblages and their contexts have been discussed elsewhere in detail (Deacon 1970; Kuman 
1994; Kuman and Clarke 2000; McNabb 2009; Kuman and Gibbon 2017; Caruana and Herries 
2020). Rietputs 15 is a secondary context site formed along a river channel that has been dated 
to ~1.3 Ma through cosmogenic nuclide burial methods (Gibbon et al. 2009; Kuman and Gibbon 
2017), while Sterkfontein Member 5 West is a cave deposit dated through associated fauna to 
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approximately ≤1.7 Ma (Kuman and Clarke 2000; Kuman and Gibbon 2017). Cave of Hearths is 
another cave deposit dated to ≤780 ka through palaeomagnetic methods (Herries and Latham 
2009; McNabb 2009), and Amanzi Springs is a series of undated spring deposits preserving 
Acheulian tools that have been typologically attributed to the Late-to-terminal Acheulian period 
(Deacon 1970; Caruana and Herries 2020).  
 
 
As such, Rietputs 15 and Sterkfontein samples are used here to represent Early Acheulian 
handaxes, while the Cave of Hearths and Amanzi Springs samples represent Late Acheulian 
forms. It should be noted that sample sizes are relatively small considering some of these sites 
contain hundreds of handaxes (i.e. Cave of Hearths and Amanzi Springs). In particular, the 
Sterkfontein sample is limited to eight specimens that were available for scanning, albeit this 
assemblage only documents a total of nine handaxes (Kuman and Gibbon 2017). Nonetheless, 
this research represents results of a pilot study that might provide useful insights for further 
exploration.      
 
 
This sample was chosen because of recent studies showing that the shape of handaxes from 
Rietputs 15, Cave of Hearths and Amanzi Springs does not predict affiliation to specific periods 
of the Acheulian (Li et al. 2018; Caruana and Herries 2020). Furthermore, morphological 
variability in planview and profile shape has been shown to increase in Late Acheulian 
assemblages. This is specifically highlighted in the study focused on Amanzi Springs, which 
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demonstrated significant differences in geometric proportions and allometric trends when 
compared to Rietputs 15 and Cave of Hearths (Caruana and Herries 2020).  
 
 
The lack of correlation between shape refinement (i.e. increasing planview symmetry and 
profile thinness) and time in these assemblages thus provides a means of testing the 
discriminatory strength of cross-sectional shapes in identifying manufacturing trends that 
distinguish Early from Late Acheulian handaxes. As such, the success of cross-sectional shape 
analyses to differentiate these assemblages will provide proof of concept in using geometric 
morphometric methods to examine morphological variability relating to degrees of thinning as 
a potential differentiating factor. Lastly, recent studies have found that differences in raw 
materials, e.g. size, shape and internal structure have little effect on the morphology of final 
handaxe morphologies. Therefore, shape variation is interpreted here as largely resulting from 











Three dimensional scans of handaxes were captured at a resolution of 100 µm using both Artec 
Space Spider and NextEngine scanners. Resulting point clouds were meshed, filled and normals 
were calculated in GeoMagic Warp and saved in PLY format. Scan meshes were then imported 
into CloudCompare and digitally thin sectioned in tip (1/4 of maximal length), midsection (1/2 
of maximal length) and base (3/4 of maximal length) regions corresponding to standard metric 
measurement procedures for Acheulian large cutting tools (i.e. handaxes and cleavers) (Bordes 
1961; Roe 1968; Crompton and Gowlett 1993; García-Medrano et al. 2020). Outlines were 
saved as jpegs and imported into TPSDig2 software for landmarking (see SOM). 
 
 
Geometric morphometric methods 
 
 
Fifty evenly-spaced semilandmarks were plotted along cross-section curves in TSPDig2 software 
to ensure good coverage of their shapes and files were saved in TPS format (see SOM). 
Geometric morphometric studies often allow semilandmarks to slide along curves to find 
optimal spacing positions relative to shape variation (Mitteroecker et al. 2004; Gunz and 
Mitteroecker 2013). This practice is typical in examining biological structures as homology in 
landmark configuration does not necessarily correlate to meaningful variation in outline shapes. 
However, allowing semilandmarks to slide along outline curves of stone tools does not 
necessarily ‘optimize’ their position in relation to the average shape of sample (i.e. average of 
Procrustes shape coordinates) (Perez et al. 2006; Gunz and Mitteroecker 2013). In fact, 
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knapping handaxes is typically carried out with some idealized form in mind, where deviations 
result from raw material constraints and/or knapping mishaps (Callahan 1979; Edwards 2001; 
Winton 2005; Sharon 2008). As such, semilandmarks were fixed in evenly-spaced positions to 
represent to idealized cross-sectional shapes (cf. Callahan 1979).  
 
 
TPS files were imported into R statistics software and examined using ‘geomorph’ and ‘morpho’ 
packages and all plots were produced using the ‘car’ package. A General Procrustes Analysis 
(GPA) was performed on outline curves for tip, midsection and base cross sections to normalize 
semilandmarks configurations. The resulting Procrustes coordinates were then assessed using 
principal component analyses (PCA) focused on tip, midsection and base shapes to understand 
patterns of variance between Early and Late Acheulian samples. Deformation grids were used 
to visualize shape change along principal axes to assess the meaning of PCA results. A canonical 
variate analysis (CVA) based on the first seven principal component scores (which captured ≥90 
% of shape variation) from tip, midsection and base PCAs was then used to test the power of 
cross-sectional shape variance to discriminate handaxe assemblages. Results of this study are 
discussed in terms of implications and limitations, as well as the potential of this method to 
trace evolutionary trends in handaxe manufacturing through time.  
 
 





Regression analyses are used to compare the SDI, calculated as the ratio of flake scars to 
surface area (cm2), with the first two PC scores derived from the three PCA analyses described 
above. This provides some independent validation that shape variation of cross-sectional 
outlines is correlated to manufacturing processes. As stated above, Shipton and Clarkson (2015) 
and Shipton et al. (2019) found planview symmetry and shape and SDI scores were 
independent variables. However, given that thinning is integral to the production of handaxes, 
the opposite trend is predicted here. Significant correlation between the cross-sectional shapes 
of handaxe and reduction would verify that variance highlighted in geometric morphometric 
tests result in part from thinning processes. 
 
 
Additional Analyses (SOM) 
 
 
The supplementary online materials contain two additional analyses to support the finding of 
this research. Outlines of planview and profile shapes were extracted and assessed using the 
same protocols for the cross-sectional shape analyses. While past research has demonstrated 
little differences between Early and Late Acheulian handaxes with respect to planview and 
profile shapes, they utilize different methods than those described above. This additional 
assessment provides a means of examining differences in planview and profile outlines 
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between the assemblages used in this study, and to compare results with those derived from 
the analyses of cross-sectional shapes.     
 
 
Lastly, predictions of cross-sectional shapes affiliated with both Early and Late Acheulian 
handaxes discussed above are partly associated with potential knapping flaws, including step 
and hinge fractures. To assess differences in the abundance of flaws on handaxes examined in 
this study, the surface area of step and hinge fractures was calculated and compared. A 
Kendall’s tau-b correlation test was used to compare flaw surface area and PC scores (PC1 and 
2) derived from the analyses of cross-sectional shapes to test significant correlations. Results 
are discussed below and in the SOM. 
 




Geometric morphometric results 
 
 
Before the cross-sectional results are discussed, it should be noted that the analyses of 
planview and profile shapes in the SOM confirm that they have a relatively low discriminatory 
power for distinguishing Early from Late Acheulian handaxes. This corroborates previous 
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studies suggesting that planview and profile perspectives do not predict the affiliation of 
Acheulian handaxes from South Africa to either the Early or Late periods of this industry (Li et 
al. 2018; Caruana and Herries 2020). The results of all three PCA analyses on cross-sectional 
shapes demonstrate similar patterns in shape variance across component axes. Deformation 
grids along PC1 and PC2 axes represent shapes similar to those highlighted in experimental 
research, which relate to degrees of thinning as described in experimental research (see Fig. 1) 
(Callahan 1979). Positive PC1 axes represented outlines that were elongated and ovular, which 
likely resulted from extensive thinning. Negative PC1 axis represented rhomboidal and 
triangular outlines that either resulted from a lack of thinning or poor management of bifacial 
flaking surfaces. PC2 axes represented shapes that were either overly convex or concave, which 
likely resulted from raw material constraints, a lack of thinning, or knapping mishaps including 
poor management of surface convexity and/or step fractures.  
 
 
Figure 2 displays the PCA plot for tip shapes, which shows distinct patterns of variance for all 
handaxes samples. Differentiation is most notable between the Cave of Hearths handaxes and 
samples the Rietputs 15 and Sterkfontein, where the Cave of Hearths is loaded strongest onto 
the positive side of PC1. This suggests that tip shape in the Cave of Hearths handaxes display 
high degrees of thinning, where cross-sectional outlines show elongated, ovular forms (cf. Fig 
1A). The Early Acheulian samples (Rietputs 15 and Sterkfontein) both load strongest onto the 
negative side of the PC1 axis, suggesting that they either lack extensive thinning or were poorly 
managed in terms of surface convexities throughout reduction processes (cf. Fig. 1B). The 
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Rietputs 15 sample is also spread across the PC2 axis, suggesting that some tip shapes are 
overly concave/convex or possibly hindered by step fractures (cf. Fig. 1C&D). Interestingly, the 
Amanzi Springs sample shows strong variance along the PC2 axis, suggesting that these 
handaxes were likely affected by the mismanagement of bifacial surface convexities or marred 
by step fractures.  
 
 
Figure 3 displays similar results for midsections, albeit the Cave of Hearths samples plots 
towards the center of the graph, suggesting less extensive thinning patterns. Moreover, all sites 
display strong loading onto the PC2 axis, implying that thinning the middle of handaxes were 
either carried out to a lesser extent, managed poorly in terms of surface convexity or developed 
step fractures that prevented further reduction. Figure 4 represents cross-sectional shapes of 
handaxe bases, which mimics patterns in the midsection analysis. Cave of Hearths is skewed 
more towards the positive PC1 axis, albeit shows strong variance along the PC2 axis. This 
further supports the notion that handaxe tips were potentially the focus of reduction 
processes, whereas midsections and bases were either not as intensively reduced or prone to 
more knapping mishaps.  
 
 
The CVA analysis displays conclusive results, based on combined PC scores (1-7) from tip, 
midsection and bases PCAs, which captured between 92 – 95% of shape variance within these 
handaxe regions. Figure 5 displays strong discrimination between the Cave of Hearths and Early 
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Acheulian sites (Rietputs 15 and Sterkfontein). The most powerful discriminatory factor was 
PC1 scores for tip shape. Table 1 shows the result of predicted group memberships, which had 
an overall accuracy of 86.74% (Kappa= 0.816). The Cave of Hearths and Rietputs 15 samples 
were correctly classified in 92% of their respective specimens. Interestingly, the Amanzi Springs 
samples showed more mixed results, with 16% of the sample incorrectly classified within Early 
Acheulian assemblages. The implications of these finds are discussed below in more detail. 
Lastly, to further explore the strength of these results, a second CVA was run without the PC1 
tip scores, which also showed fairly strong discrimination of handaxes with 75.90% classified 
correctly (Kappa= 0.668) (Table 2). Thus, this demonstrates that cross-sectional shapes from the 
tip, midsection and base portions of handaxes strongly discriminate handaxes from Early and 
Late Acheulian assemblages. However, in the case of the Amanzi Springs sample, the analyses 
above also are able to identify shape variation relating to thinning (see below).  
 
 
Reduction intensity comparisons 
 
 
Regression analysis only found significant correlations between SDI values and PC1 scores, 
while shape variation capture in PC2 scores showed no relationship with reduction intensity. 
This may be due to the fact that PC2 captures less variance (between 14 to 17%) in cross-
sectional shapes. Figure 6A displays a boxplot comparing SDI scores between samples, which 
was verified using a Kruskal-Wallis test (x2= 50.17, p= <0.001). Cave of Hearths shows the 
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highest reduction intensity values, corroborating Li et al.’s (2018) previous findings. 
Interestingly, the Amanzi Springs sample shows SDI values that are parallel to those of the Early 
Acheulian samples, albeit recent analysis of handaxes from this site have suggested that they 
lack extensive shaping (Caruana and Herries 2020). The regression graphs presented in Figure 6 
(B-D) do not demonstrate strong correlations between PC1 scores and SDI values, however all 
results demonstrated significant relationships (tip: r2= 0.213, p= <0.0001; midsection: r2= 0.178, 
p= <0.0001; base: r2= 0.120, p= 0.001). This confirms that cross-sectional shape variance is in 






The results of this pilot study provide proof of concept in using cross-sectional shapes to 
compare handaxes across time and space. Clear distinctions between Cave of Hearths and the 
Early Acheulian samples were noted, although Amanzi Springs stood out as an outlier in shape 
variance and low reduction intensity scores. However, Caruana and Herries (2020) recently 
argued that handaxes from this site are characterised by their high morphological variance, 
specifically in width, thickness and mass proportions. They suggested that handaxes from 
Amanzi Springs do not represent intensely reduced forms and lack the extensive thinning 
typical of other Late Acheulian assemblages, such as Cave of Hearths (Caruana and Herries 
2020). Caruana and Herries (2020) further propose handaxes from this site were likely 
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abandoned before reaching the final stages of manufacturing due to production flaws, which 
accounts for their unusual size. This is corroborated by the flaw surface area analysis, which 
shows that Amanzi Springs has a high abundance of step and hinge fractures when compared to 
the rest of the assemblages. As such, this suggests that geometric morphometric assessments 
of cross-sectional shape can further detect differences in variance related to thinning 
processes, which provides advantages in comparing assemblages on both synchronic and 
diachronic levels.  
 
 
Further, results of the CVA provide insight into using cross-sectional shape variation to highlight 
manufacturing trends that distinguish Early from Late Acheulian handaxes. PC1 scores derived 
from the PCA examining handaxe tip shape variation provided the strongest discriminating 
factor, which corroborates Iovita and McPherron’s (2011) suggestion that tip reduction was a 
focal point of Acheulian handaxe production. The midsection and base PCAs confirm that these 
portions of handaxes, regardless of chronological affiliation, were not as extensively thinned. 
This highlights a manufacturing trend in South African handaxes, which potentially relates to 
the ergonomics of their use as cutting implements (Key et al. 2016; Key and Lycett 2016). The 
less acute edges on handaxe midsections and bases may have provided a more comfortable 
grip, whereas tips may have been consistently thinned, used and resharpened, resulting in 
differences in cross-sectional shapes. Thus, shape variance relating to tip thinning processes can 
be used to distinguish South African Acheulian assemblages where no significant differences in 





However, the results of this study remain preliminary and require further testing with expanded 
sample sizes and focused hypothesis testing. Twenty-five handaxes from Cave of Hearths, 
Amanzi Springs and Rietputs 15 provide insight into shape variance, albeit the smaller sample 
from Sterkfontein (N= 8) perhaps does not characterize Early Acheulian shape variance as well. 
Increasing sites and specimen numbers can perhaps provide better insight into the strength of 
cross-sectional shape in distinguishing Acheulian assemblages across time and space. 
Nonetheless, this study does demonstrate the potential of these methods in making such 
distinctions, as well as to quantitatively test the effects of thinning on handaxe shapes beyond 






The insights discussed above suggest that geometric morphometric assessments of cross-
sectional shape can distinguish handaxes from different periods of the Acheulian industry and 
that shape variance also can detect differences in reduction intensity and degrees of thinning. 
Moreover, these methods are sensitive to knapping mishaps, which is a distinguishing factor 
between handaxe assemblages. Most of the variance detected in the PCA analyses related to 
shapes resulting from either a lack of thinning, and potentially the poor management of bifacial 
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flaking surfaces or step/hinge fractures. This suggests that such methods can be used to 
understand the influence of production factors, including knapping mishaps, on handaxe forms. 
In fact, there has been little focus on how production flaws can disrupt the production of these 
tools, albeit the Amanzi Springs results highlight how morphology can be significantly 
influenced by potential problems arising from the interplay between raw materials and 
knapping actions.    
 
 
Lastly, insights from Shelley’s (1990) study relating cross-sectional shapes in handaxes to 
knapping skill provide perspective on tracing potential differences in motor-cognitive 
development across the Early to Late Acheulian boundary. If the complexity and extent of 
handaxe thinning is characteristic of Late Acheulian toolmaking, corresponding to hierarchical 
actions and advanced technological skill, cross-sectional shape variance may provide further 
insight into the effects of these phenomena on handaxe morphologies. The appearance of the 
Acheulian industry approximately 1.7 Ma, broadly coincides with the evolution of Homo erectus 
in Africa ~2.04 – 1.95 Ma (Herries et al. 2020). Some Early Acheulian sites in Africa including FLK 
West (~1.7 Ma) (Diez-Martín et al. 2015), Konso (~1,6 Ma) (Beyene et al. 2013) and Gona (<1.6 
Ma) (Semaw et al. 2020) contain handaxes that demonstrate extensive thinning and near 
symmetrical forms. This suggests that H. erectus had latent capacities for complex shaping 
mechanics, yet most of the Early Acheulian record is characterised by primary shaping phases 
and asymmetrical morphotypes. However, the Late Acheulian period, likely produced by archaic 
Homo sapiens (~600 ka) is typified by an increase in toolkit complexity, which included 
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advanced forms of core preparation and predetermined debitage products (i.e. blades and 
points) (Stout 2011). As mentioned above, archaeological analysis of Late Acheulian handaxes 
suggest that the organization of thinning procedures potentially distinguish them from earlier 
forms (Shipton et al. 2013; Stout et al. 2014). The analysis of cross-sectional shapes in handaxes 
provides a method of assessing the extent of thinning procedures within and between 
assemblages. Further development of this method can potentially provide insight into the 
extent of thinning on both synchronic and diachronic scales, which can directly test the 
hypothesis that the Late Acheulian handaxes are characterised by extensive thinning, as well as 
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Figure Captions  
 
Figure 1. Cross-sectional outlines featuring shapes resulting from successful thinning and those 
that potentially hinder thinning processes. The right column are shapes redrawn from Callahan 
(1979: 34), and the left column are outlines of digital cross-sections from handaxes analysed in 
this study. A. elongated, ovular shapes resulting from successful thinning; B. rhomboidal shapes 
resulting from a lack of thinning or mismanagement of flaking surfaces; C. Overly concave 
surfaces resulting from step/hinge fracturing or surface mismanagement; D. Overly convex 
surfaces resulting from step fracturing or surface mismanagement. 
 
 
Figure 2. Principal component graph displaying results for cross-sectional shape variance in 





Figure 3. Principal component graph displaying results for cross-sectional shape variance in 
handaxe midsections. 
 
      
Figure 4. Principal component graph displaying results for cross-sectional shape variance in 
handaxe bases.      
 
 
Figure 5. Canonical variate graph displaying results of discrimination analysis using principal 
component scores derived from cross-sectional shape analyses.  
 
 
Figure 6. A. Boxplot results of SDI scores across handaxe assemblages; B. Regression plot 
showing correlation between SDI and PC1 scores for tip shape variation; C. Regression plot 
showing correlation between SDI and PC1 scores for midsections shape variation; D. Regression 
plot showing correlation between SDI and PC1 scores for base shape variation. 
